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Abstract. We investigate the abundance of 19F in the Sun through the nucleosynthesis
scenario. In addition, we calculate the rate equations and reaction rates of the nucleosynthesis
of 19F at different temperature scale. Other important functions of this nucleosynthesis (nuclear
partition function and statistical equilibrium conditions) are also obtained. The resulting
stability of 19F occurs at nucleus with A = 19 and Mass Excess= -1.4874 MeV. As a result, this
will tend to a series of neutron captures and beta-decay until 19F is produced. The reaction
rate of 15N (α, γ) 19F was dominated by the contribution of three low-energy resonances, which
enhanced the final 19F abundance in the envelope.
1. Introduction
The Fluorine abundances is playing a crucial role in the hotly debated nucleosynthesis scenarios
in stellar populations. However, the Fluorine (19F ) is considered to be the only stable isotope of
the fluorine element in the Sun. In addition, it is very sensitive to the physical conditions within
stars in general, where the least abundant of stable nuclides in the 12-32 atomic mass range
(1). Despite its importance, a detailed understanding of observational phenomena of fluorine
nucleosynthesis (which can occur through the 15N (α, γ) 19F reaction is still under development
and, the reaction rate still retains with large uncertainties due to the lack of experimental
studies available. Several possible explanations were offered by many researchers to explain its
production (2).
There are several astronomical cites that contain extremely hot gases, in order to let the 19F
production be detected there, such as supernovae Type II (3; 4), WolfRayet stars (5), and within
the interiors of Asymptotic Giant Branch (AGB) stars during helium flashes (6; 7).
However, available data from the Joint Institute for Nuclear Astrophysics (JINA) provides
databases of nuclear data and reaction rates. We study the nuclear masses and nuclear partition
functions to compute nuclear statistical equilibria which is a free energy minimum state with
some number of constraints, and then to compute the reaction rates of 19F . The aim of this
work is to study the process responsible for fluorine nucleosynthesis and their reaction rates,
which may help us into understanding its origin in the Sun via H- and He-burning sequences.
A quantitative comparison of observations with this process will lead the results from more
detailed chemical evolution models incorporating the yields from very hot stellar interior.
Deriving the light element fluorine abundances are focused on using the HF line at 23358 A˚
(8, and references therein). At this crowded/blended (CO lines) region, the detection of 19F
becomes harder. Moreover, 19F has very fragile nuclide, which can be easily destroyed by the
most abundant species in stellar interiors (proton or α). Thus, the production site(s) of this
element has been widely debated in literature (9; 10; 11; 12; 13; 14; 15)
Jorissen et al (6) reported the leading work in this field, by presenting the first 19F abundances
of 49 K giants. A new scenario for 19F production after ∼ 1 Gyr was suggested by Renda et
al (11), this model treated AGB stars as the major contributors of 19F production; moreover
SNe II considered as the only contributor to the 19F abundance in the early universe. To
solve the discrepancy between the theoretical and observed 19F abundance in Galactic giants,
recently, Kobayashi et al (15) adopts the yields of AGB stars and the ν-process yields. This
model expects fluorine-to-iron plateau at low metallicities, relying on the neutrino luminosities.
However, considering ν-process yields enhanced 19F production, and served us to fit the high
observed abundances in very hot stellar populations.
2. NUCLEOSYNTHESIS OF 19F
The synthesis of 19F can be produced by consisting of a CNO H-burning sequence. A series
of proton captures and beta-decays, initiated on 14N , leads to a finite abundance of 19F , with
19F (p, α)16O being the destructive reaction through the reaction chain
14N(p, γ)15O(β+)15N(p, γ)16O(p, γ)17F , 17F (β+)17O(p, γ)18F (β+)18O(p, γ)19F (p, α)16O.
The The adopted 19F (p, α)16O rate is the geometrical mean of the lower and upper limits
to that rate proposed by (16) Fluorine can also be produced and destroyed during He-burning
through the chains (17).
(β+)18O(p, α)15N(α, γ)19F
ր ց
14N(α, γ)18F → (n, p)18O(p, α)15N(α, γ)19F (α, p)22Ne
ց ր
(n, α)15N(α, γ)19F
As a result, the synthesis of 19F thus requires the availability of neutrons and protons. They
are mainly produced by the reactions 13C(α, n)16O and 14N(n, p)14C.
3. Computational Tool
We used nucnet tools to explore the abundance of 19F in the Sun. This code was built by the
Astronomy and Astrophysics group at Clemson University, South Carolina, USA 1.
The Joint Institute for Nuclear Astrophysics (JINA) provides databases of nuclear data and
reaction rates. We were focused on the Snapshots, in order to study the nuclear masses and
1 https://sourceforge.net/p/nucnet-tools/home/Home/
Index Z A Name Mass Excess (MeV) Spin Data Source
0 5 19 19B 59.3640 3/2 reac1
1 6 19 19C 32.4207 3/2 reac1
2 7 19 19N 15.8621 1/2 reac1
3 8 19 19O 3.3349 5/2 reac1
4 9 19 19F -1.4874 1/2 reac1
5 10 19 19Ne 1.7514 1/2 reac1
6 11 19 19Na 12.9268 3/2 reac1
7 12 19 19Mg 33.0401 1/2 reac1
Table 1. Nuclides with A= 19, the collection has 8 species.
nuclear partition functions. It was also used to compute nuclear statistical equilibria and finally
to compute the reaction rates of 19F .
4. Results and discussion
4.1. Nuclear Masses
Here, the stability of 19F can be studied by the mass excess (See figure 1), the expected parabola
shape of the mass distribution for a given set of isobars suggest that nucleus with A = 19 will
tend to beta decay until the 19F produced.
Our calculation shows that if the nucleus (A = 19) has Z < 9, it will turn some of its neutrons
into protons by β− decay until Z = 9. On the other hand, if Z > 9 it will turn protons into
neutrons by β+ decay until Z = 9.
4.2. The Nuclear Partition Function
(i) We have considered the 13C(α, n)16O reaction, by adopting the rate from (18) and (19),
which is about 50% lower than the rate recommended by NACRE in the temperature range
of interest.
(ii) The reaction 14C(α, γ)18O has been studied experimentally in the energy range of 1.13-2.33
MeV near the neutron threshold in the compound nucleus 18O by (20). The reaction rate is
dominated at higher temperatures by the direct capture and the single strong 4+ resonance
at center-of-mass energy Ecm = 0.89MeV toward lower temperatures. As a result, the
contributions may come from the 3− resonance at Ecm = 0.176MeV Ex = 6.404MeV and
a 1
−
subthreshold state at Ex = 6.198MeV , which are important for He shell burning in
AGB stars. It has been shown in detailed cluster model simulations that neither one of the
two levels is characterized by a pronounced α cluster structure(21). The strengths of these
two contributions are unknown and have been estimated by (22).
The 14C(α, γ)18O reaction can be activated together with 13C(α, n)16O reaction during the
interpulse period. This could be happened in both the partial mixing zone and the deepest
layer of the region composed by H-burning ashes, when 14N(n, p)14C occurs. This represents
the main path to the production of 18O and subsequently of 15N . The importance of the
nucleosynthesis of 15N during the interpulse periods is very much governed by the choice
of the rate of the 14C(α, γ)18O reaction. The closer, or higher, this rate is to that of the
13C(α, n)16O reaction, the more effcient is the production of 15N because 18O and protons
are produced together. The effect of the partial mixing zone and hence the uncertainties
related to it are in fact much less important when using our recommended rate, since in
the temperature range of interest our rate is more than an order of magnitude lower than
our standard rate from (23)
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Figure 1. Beta valley stability for A = 19 nuclides
(iii) The low-energy resonances in 14N(α, γ)18F have recently successfully been measured by
(24). Previous uncertainties about the strengths of these low-energy resonances were
removed. Because of these results, the reaction rate is reduced by about a factor of 3
compared to NACRE. The 14N(α, γ)18F reaction is inefficient at the temperature of neutron
release in the partial mixing zone while it is activated in the convective pulse. Hence, its
rate only affects the production of 19F in the pulse. Using the new rate by (24) with respect
to the rate by (25)
(iv) The reaction rate of 15N(α, γ)19F was taken from NACRE. The rate is dominated by the
contribution of three low-energy resonances. The resonance strengths are based on the
analysis (10). It should be noted, however, that there were several recent experimental
studies that point toward a significantly higher reaction rate. (26) already suggested higher
resonance strengths than given in their earlier paper. The final 19F abundance in the
envelope increased by a few percent only. This is because the temperature in the thermal
pulses is high enough that in any case all 15N is transformed in 19F as shown in Figure 2
(v) The 15N(p, α)14C reaction has been investigated by (27), and more recently by (28) at
Ep(lab) = 78− 810 Kev.
(vi) The 18O(α, γ)22Ne reaction is of interest for the discussion of 19F production in AGB stars
since it competes with the 18O(p, α)15N process. A strong rate might lead to a reduction
in 19F production. The reaction rate of 18O(α, γ)22Ne (29). The main uncertainties result
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Figure 2. Reaction rate of 15N(4He, γ)19F
from the possible contributions of low-energy resonances that have been estimated on the
basis of α-transfer measurements by (30). A recent experimental study of 18O(α, γ)22Ne
(31) led to the first successful direct measurement of the postulated low-energy resonances
at 470 and 566 keV.
(vii) The reaction 18O(p, α)15N provides a major link for the production process of 19F . The
reaction cross section has been measured by (32) down to energies of ≈ 70 KeV. Possible
contributions of low energy near threshold resonances were determined by (9) and (33)
using direct capture and single-particle transfer reaction techniques.
(viii) The Reaction Rate of 19F (α, p)22Ne is one of the most important input parameters for
a reliable analysis of 19F nucleosynthesis at AGB stars. However, there is very little
experimental data available for the 19F (α, p)22Ne reaction cross section at low energies.
Experiments were limited to the higher energy range above Eα = 1.3 MeV (34). CF88
suggested a rate that is based on a simple barrier penetration model previously used by
(35). This reaction rate is in reasonable agreement with more recent Hauser-Feshbach
estimates assuming a high level density see also (36) and has therefore been used in most
of the previous nucleosynthesis simulations (See Figure 3).
References for α and neutron captures that we have used in this paper are presented in Tables
2 and 3 respectively. All of the reactions not listed in the tables are taken from the REACLIB
Data Tables.
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Figure 3. Reaction rate of 19F (4He, p)22Ne
Table 2. α -Capture
Reaction References
13C(α, n)16O ............................... (18), (19)
14C(α, γ)18O ............................... (23)
15N(α, γ)19F ............................... (10)
17O(α, n)20Ne ............................... (19)
18O(α, γ)22Ne ............................... (29), (30)
18O(α.n)21Ne ............................... (19)
Table 3. Neutron Capture
Reactions References
12C(n, γ)13C ............................... (37)
13C(n, γ)14C ............................... (16)
14N(n, p)14C ............................... (38)
16O(n, γ)17O ............................... (39)
18O(n, γ)19O ............................... (40)
5. Conclusion
We studied the nuclear masses, nuclear statistical equilibria, and nuclear partition functions of
the 19F in the Sun. In this work, we have concentrated more on the study and interpretation
of the evolution of the 19F by utilizing the entire observational data of the solar system. Our
results are in good agreement with other recent F abundance determinations.
Our conclusions confirmed the stability of 19F , with atomic mass number, A= 19, atomic
number, Z = 9 and Mass Excess, ∆= -1.4874 MeV. This will lead to some characteristic of
”valley of beta stability” (see Fig. 1). One can relate this stability due to the 19F has the
minimum mass excess. This feature will be scaled by the same factor of mUc
2A. More detailed
theoretical studies are required to explain this behavior.
During the course of this study, we found that the reaction rate of 15N(α, γ)19F was
dominated by the contribution of three low-energy resonances, which enhanced the final 19F
abundance in the envelope. In addition, we found that 56Ni has the most of the mass during
to nuclear statistical equilibrium, because the 56Ni species has the largest binding energy per
nucleon.
It is noteworthy to mention here that, despite the lack of data, we limited the 19F (α, p)22Ne
reaction, to higher energy range above Eα = 1.3 MeV, to achieve better agreement with Hauser-
Feshbach (36).
More details and results on nuclear statistical equilibrium and the expansion time are required
to control the dynamical calculations and characteristics.
Acknowledgements
We are very grateful to the Astronomy and Astrophysics group at Clemson University, South
Carolina, USA for using the nucnet tools.
References
[1] Asplund M, Grevesse N, Sauval A J and Scott P 2009 Annu. Rev. Astronom. Astrophys.
47 481–522 (Preprint 0909.0948)
[2] Lucatello S, Masseron T, Johnson J A, Pignatari M and Herwig F 2011 Astrophys. J. 729
40 (Preprint 1012.2800)
[3] Woosley S E and Haxton W C 1988 Nature 334 45–47
[4] La Cognata M, Romano S, Spitaleri C, Cherubini S, Crucilla` V, Gulino M, Lamia L,
Pizzone R G, Tumino A, Tribble R, Fu C, Goldberg V Z, Mukhamedzhanov A M, Schmidt
D, Tabacaru G, Trache L and Irgaziev B F 2007 Phys. Rev. C. 76 065804
[5] Meynet G and Arnould M 2000 Astronom. and Astrophys. 355 176–180 (Preprint
arXiv:astro-ph/0001170)
[6] Jorissen A, Smith V V and Lambert D L 1992 Astronom. and Astrophys. 261 164–187
[7] Cristallo S, Straniero O, Gallino R, Piersanti L, Domı´nguez I and Lederer M T 2009
Astrophys. J. 696 797–820 (Preprint 0902.0243)
[8] Jo¨nsson H, Ryde N, Harper G M, Richter M J and Hinkle K H 2014 Astrophys. J. 789 L41
(Preprint 1406.4876)
[9] Wiescher M and Kettner K U 1982 Astrophys. J. 263 891–901
[10] de Oliveira F, Coc A, Aguer P, Angulo C, Bogaert G, Kiener J, Lefebvre A, Tatischeff V,
Thibaud J P, Fortier S, Maison J M, Rosier L, Rotbard G, Vernotte J, Arnould M, Jorissen
A and Mowlavi N 1996 Nuclear Physics A 597 231–252
[11] Renda A, Fenner Y, Gibson B K, Karakas A I, Lattanzio J C, Campbell S, Chieffi A,
Cunha K and Smith V V 2004 Monthly Notices Roy. Astronom. Soc. 354 575–580 (Preprint
arXiv:astro-ph/0410580)
[12] Werner K, Rauch T and Kruk J W 2005 Astronom. and Astrophys. 433 641–645
[13] Federman S R, Sheffer Y, Lambert D L and Smith V V 2005 Astrophys. J. 619 884–890
(Preprint arXiv:astro-ph/0410362)
[14] Abia C, Recio-Blanco A, de Laverny P, Cristallo S, Domı´nguez I and Straniero O 2009
Astrophys. J. 694 971–977 (Preprint 0812.3103)
[15] Kobayashi C, Izutani N, Karakas A I, Yoshida T, Yong D and Umeda H 2011 Astrophys.
J. 739 L57 (Preprint 1108.3030)
[16] Raman S, Igashira M, Dozono Y, Kitazawa H, Mizumoto M and Lynn J E 1990 Phys. Rev.
C. 41 458–471
[17] Meynet G and Arnould M 1993 Synthesis of 19F in the He-burning zones of massive stars
Nuclei in the Cosmos 2 ed Kaeppeler F and Wisshak K pp 503–508
[18] Drotleff H W, Denker A, Knee H, Soine M, Wolf G, Hammer J W, Greife U, Rolfs C and
Trautvetter H P 1993 Astrophys. J. 414 735–739
[19] Denker A, Drotleff H W, Grosse M, Knee H, Kunz R, Mayer A, Seidel R, Soine´ M, Wo¨ohr
A, Wolf G and Hammer J W 1995 Neutron Producing Reactions in Stars Nuclei in the
Cosmos III (American Institute of Physics Conference Series vol 327) ed Busso M, Raiteri
C M and Gallino R p 255
[20] Go¨rres J, Graff S, Wiescher M, Azuma R E, Barnes C A and Wang T R 1992 Nuclear
Physics A 548 414–426
[21] Descouvemont P and Baye D 1985 Phys. Rev. C. 31 2274–2284
[22] Buchmann L, D’Auria J M and McCorquodale P 1988 Astrophys. J. 324 953–965
[23] Jorissen A and Goriely S 2001 Nuclear Physics A 688 508–510
[24] Go¨rres J, Arlandini C, Giesen U, Heil M, Ka¨ppeler F, Leiste H, Stech E and Wiescher M
2000 Phys. Rev. C. 62 055801
[25] Caughlan G R and Fowler W A 1988 Atomic Data and Nuclear Data Tables 40 283
[26] de Oliveira F, Coc A, Aguer P, Bogaert G, Kiener J, Lefebvre A, Tatischeff V, Thibaud
J P, Fortier S, Maison J M, Rosier L, Rotbard G, Vernotte J, Wilmes S, Mohr P, Ko¨lle V
and Staudt G 1997 Phys. Rev. C. 55 3149–3151 (Preprint arXiv:nucl-ex/9703003)
[27] Schardt A, Fowler W A and Lauritsen C C 1952 Physical Review 86 527–535
[28] Redder A, Becker H W, Lorenz-Wirzba H, Rolfs C, Schmalbrock P and Trautvetter H P
1982 Zeitschrift fur Physik A Hadrons and Nuclei 305 325–333
[29] Kaeppeler F, Wiescher M, Giesen U, Goerres J, Baraffe I, El Eid M, Raiteri C M, Busso
M, Gallino R, Limongi M and Chieffi A 1994 Astrophys. J. 437 396–409
[30] Giesen U, Browne C P, Go¨rres J, Ross J G, Wiescher M, Azuma R E, King J D, Vise J B
and Buckby M 1994 Nuclear Physics A 567 146–164
[31] Dababneh S, Heil M, Ka¨ppeler F, Go¨rres J, Wiescher M, Reifarth R and Leiste H 2003
Phys. Rev. C. 68 025801
[32] Lorenz-Wirzba H, Schmalbrock P, Trautvetter H P, Wiescher M, Rolfs C and Rodney W S
1979 Nuclear Physics A 313 346–362
[33] Champagne A E and Pitt M L 1986 Nuclear Physics A 457 367–374
[34] Kuperus J 1965 Physica 31 1603–1616
[35] Wagoner R V 1969 Astrophys. J. Suppl. 18 247
[36] Thielemann F K, Truran J W and Arnould M 1986 Thermonuclear reaction rates from
statistical model calculations Advances in Nuclear Astrophysics ed Vangioni-Flam E,
Audouze J, Casse M, Chieze J P and Tran Thanh Van J pp 525–540
[37] Kikuchi T, Nagai Y, Suzuki T S, Shima T, Kii T, Igashira M, Mengoni A and Otsuka T
1998 Phys. Rev. C. 57 2724–2730 (Preprint arXiv:nucl-th/9802051)
[38] Gledenov Y M, Salatski V I, Sedyshev P V, Sedysheva M V, Koehler P E, Vesna V A and
Okunev I S 1995 Recent Results of Measurements of the 14N(n, p)14C 35 CI(n, p)35S, 36CI(n,
p)36S and 36CI(n, α)33P Reaction Cross Sections Nuclei in the Cosmos III (American
Institute of Physics Conference Series vol 327) ed Busso M, Raiteri C M and Gallino R p
173
[39] Igashira M, Nagai Y, Masuda K, Ohsaki T and Kitazawa H 1995 Astrophys. J. 441 L89–L92
[40] Meissner J, Schatz H, Go¨rres J, Herndl H, Wiescher M, Beer H and Ka¨ppeler F 1996 Phys.
Rev. C. 53 459–468
